Functional clustering of neurons is frequently observed in the motor cortex. However, it is unknown if, when, and how fine-scale (Ͻ100 m) functional clusters form relative to voluntary forelimb movements. In addition, the implications of clustering remain unclear. To address these issues, we conducted two-photon calcium imaging of mouse layer 2/3 motor cortex during a self-initiated lever-pull task. In the imaging session after 8 -9 days of training, head-restrained mice had to pull a lever for ϳ600 ms to receive a water drop, and then had to wait for Ͼ3 s to pull it again. We found two types of task-related cells in the mice: cells whose peak activities occurred during lever pulls (pull cells) and cells whose peak activities occurred after the end of lever pulls. The activity of pull cells was strongly associated with lever-pull duration. In ϳ40% of imaged fields, functional clusterings were temporally detected during the lever pulls. Spatially, there were ϳ70-m-scale clusters that consisted of more than four pull cells in ϳ50% of the fields. Ensemble and individual activities of pull cells within the cluster more accurately predicted lever movement trajectories than activities of pull cells outside the cluster. This was likely because clustered pull cells were more often active in the individual trials than pull cells outside the cluster. This higher fidelity of activity was related to higher trial-to-trial correlations of activities of pairs within the cluster. We propose that strong recurrent network clusters may represent the execution of voluntary movements.
Introduction
The clustering of neurons that are related to the same movement, regardless of whether it is a simple or complex movement, is a hallmark characteristic of motor cortex organization (Asanuma and Rosén, 1972; Graziano et al., 2002; Dombeck et al., 2009) . What specific aspects of these neurons are clustered? The preferences for the direction of a hand reach movement and the kinematic parameters of drawing tend to be similar in pairs of nearby units (Amirikian and Georgopoulos, 2003; Ben-Shaul et al., 2003; Georgopoulos et al., 2007; Stark et al., 2009) . Neighboring motor cortex cells with the same direction preference, or the same response to change in wrist torques, tend to show strong synaptic linkages as represented by cross-correlations (Lee et al., 1998 , Stark et al., 2008 Smith and Fetz, 2009 ). However, electrical recordings cannot resolve either the size or the number of cells in a functional cluster at a single-cell resolution. Recently, in vivo twophoton calcium imaging has revealed fine-scale distributions of running-, grooming-, licking-, and whisking-related cells in the motor cortex of awake mice (Dombeck et al., 2009; Komiyama et al., 2010; Huber et al., 2012) . The distributions of these neurons are generally intermingled, but running-and grooming-related cells are sometimes partially segregated within an ϳ100-mscale micro-organization. However, the fine-scale distribution of task-related cells during forelimb movements such as reaching, drawing, and lever pulling has not been examined by two-photon imaging. In addition, how the fine-scale distribution of the activity of task-related cells temporally changes during movements is unknown. If there are fine-scale functional clusters, then what are their roles? If functional clusters are critically related to the execution of movements, then ensembles of clustered cells may carry more accurate information about the movements than nonclustered cells. Previous studies demonstrate that the ensemble activity of a small number of motor cortex neurons carries infor-task while being head-restrained in the task device for 1 h per day (8 -9 training days). On the first day, head-restrained mice were rewarded whenever they pulled the lever 5 mm, regardless of the lever-pull time. The reward was a 4 l drop of water from a spout near their mouths that was connected to a syringe pump. From the second training session onward, the lever-pull time (T set ) required for reward acquisition was programmed to progressively increase (100 -1000 ms) as performance improved. Within each session, 50 ms was added to T set for each successful trial unless T set exceeded a time that was manually determined before each session (500 -1300 ms). Furthermore, 2.5 ms was subtracted from T set per second because monotonic increases in T set might have prevented successful trials. If the lever was not pulled, a weak magnetic force returned it to the wait position; thus, mice had to maintain pulling the lever for T set . In these sessions, when the mice pulled the lever by 5 mm for T set , they were rewarded, and the lever was quickly brought back to the wait position by the force of a solenoid valve. The lever then could not be moved from the wait position for 2 s. This solenoid force was not given to the mice after error trials. Mice were required to leave the lever in the wait position for Ͼ3 s between the end of one lever pull and the initiation of the next lever pull. If a mouse did not wait for 3 s, then the next trial was an error (Fig. 1B) . Due to the mechanical force of the lever push and the immovability after each successful pull, there were unconstrained behaviors (pushing, holding, and releasing the lever) that took place during the task. The timing and duration of licking events were also unrestricted. Performances of the mice were monitored with an infrared video camera. A program that was written with LabVIEW (National Instruments) was used to regulate the timing of the reward, the lever return, and the immovability of the lever.
The lever position was continuously monitored as the displacement of a 1-mm-diameter magnetic bead (NeoMag; Seiko Sangyo), which was attached to the tip of the lever opposite the site exposed to the mice. A magnetoresistive sensor (HA-12; Macome) was used to detect the displacement of the magnetic bead.
EMG measurements. EMG signals were measured in one animal. After this mouse finished its final training session, it was anesthetized, and then two Teflon-insulated stainless steel wires were inserted through the forearm skin into the triceps brachii muscles and connected to an amplifier Figure 1 . The lever-pull task in head-restrained mice. A, A mouse is shown in the task device. Top, The head of the mouse was fixed under an objective, and the right forelimb was available to grasp and pull the movable lever. The left forelimb grasped a fixed pole to keep the posture relaxed. A waterspout for reward delivery was near the mouth. Bottom, The mouse with the head plate was smoothly inserted into the body holder. The head plate (inset) slid through an open space in the body holder wall and was fixed between the head holders. B, Schematic diagram of the lever-pull task. Before pulling the lever, mice had to wait for Ͼ3 s. After the lever pull was maintained for T set , a drop of water was dispensed and the lever was then rapidly pushed to the wait position by a solenoid pole. The lever was immobilized for 2 s in the wait position (green bar). When an animal did not maintain the lever pull for T set or did not wait at least 3 s before the level pull, a reward was not given and the mechanical lever push did not engage. C, The mean pull time increased over the 9 d training session (n ϭ 35 mice) until the imaging experiment (Ex) was performed (n ϭ 21 mice). D, The number of successful trials during the 9 d training session and imaging experiment. E, The median waiting time before successful trials decreased during the training sessions and 5.3 Ϯ 0.3 s (n ϭ 21 mice) during the imaging session. F, Representative traces of EMG activity of the right forelimb muscle (top) and lever trajectory (bottom) during task performance. G, H, EMG power coincided with the start (G) and end (H ) of the pull movement.
(Ex1, Dagan). After recovery for 2 d, the mouse performed the lever-pull task. EMG activity was amplified, filtered (0.1-2 kHz), and recorded.
Optogenetic stimulation mapping. Optogenetic stimulation mapping (OSM) was performed as described previously (Ayling et al., 2009; Hira et al., 2009 ). Briefly, channelrhodopsin-2 (ChR2) transgenic mice with head plates were anesthetized with ketamine/diazepam (74/20 mg/kg, i.p.). Supplemental doses were delivered intramuscularly whenever spontaneous limb movement appeared during the experiment. Photostimulation with a blue laser at 473 nm was performed in a lightly anesthetized state using an upright microscope (BX61WI; Olympus) and a FV1000-MPE laser-scanning microscope system (Olympus). Laser power and pulse duration were adjusted to a level that induced stable and visible responses in each experiment (1-3 mW and 2-10 ms, respectively). Either all or part of the field of view [6.4 ϫ 6.4 mm when using 2ϫ objective, numerical aperture (NA) of 0.08, PlanApo, Olympus; or 2.6 ϫ 2.6 mm when using 5ϫ objective, NA of 0.10, MPlan, Olympus) of the cortical surface was divided into two-dimensional pixel arrays, and each pixel was then illuminated individually. The focal plane was adjusted to the surface vasculature. Assuming a Gaussian laser beam, the diameter of the beam at the focal plane was ϳ3.8 m (2 ϫ 473 nm/[ ϫ 0.08]). Assuming that the refractive index of brain tissue equals that of water (1.33), and that the laser beam entered the brain with a half-angle of arcsin ϭ 0.08/1.33, then the diameter of the laser spot would be 72 m (2 ϫ 600 m ϫ tan[arcsin[0.08/1.33]]) at a depth of 600 m from the vasculature. A magnetic bead was attached to the back of the hand using cyanoacrylate glue. Limb movements were then measured using a magnetoresistive sensor to detect bead displacement. Movement data were low-pass filtered at 500 Hz, sampled at 5-10 kHz, and recorded using FV1000-MPE software.
Intracortical microstimulation. Intracortical microstimulation (ICMS) was performed as described previously (Hira et al., 2009) . Briefly, the mice were anesthetized as was done for OSM. The skull covering either the left or right cortical hemisphere was removed. Microelectrodes were inserted into the cortex at a depth of Ͼ0.6 mm. The stimulation parameters consisted of 45 ms trains with 0.4 ms cathodal pulses of 30 -200 A at 333 Hz. Contralateral forelimb movements were measured as described above.
Flavoprotein imaging. Head-restrained mice were deeply anesthetized with urethane (1.6 g/kg, i.p.). Throughout the recordings, rectal temperature was maintained at 37°C with a silicon rubber heater (5 ϫ 10 cm) and a temperature controller (TR-P; AS One). Fluorescence imaging was performed according to the method of Tohmi et al. (2009) , with a MiCAM02-HR system (BrainVision) and a 2ϫ objective (NA of 0.14, XLFluor, Olympus) mounted on an upright microscope (BX61WI, Olympus). Illumination was provided by 473 nm blue LEDs (LEX2-B; BrainVision). A wide green filter cube (480 -550 nm excitation filter, MSWG2; Olympus) was used to generate green light for excitation. Cortical images (128 ϫ 168 pixels after binning) of endogenous green fluorescence (500 -550 nm) in blue light (470 -490 nm) were recorded with a cooled CCD camera system at 20 frames/s before, during, and after 1 s vibrations of the palm of the right forelimb at 217 Hz that were generated with a flat coreless vibration motor (FM34F; TPC). This stimulation moved the whole right forelimb, including the proximal and distal arm and digits, so it was assumed to induce both proprioceptive and cutaneous sensations. Trials were repeated at least 10 times at 5 s intervals. The averaged images were spatially filtered. Somatosensory forelimb area (SFA) was defined as the area with a relative fluorescence change that was greater than half of the peak value in the imaged field 1 s after the initiation of vibration.
Muscimol injection. Nine mice were used for the muscimol injection experiment after they completed the training sessions. A glass pipette with a solution containing muscimol hydrobromide (5 g/l; SigmaAldrich) was inserted through a cranial window into the left RFA, CFA, or barrel cortex at a depth of ϳ250 m from the cortical surface while the mice were head-restrained in the task device. The pipette tip diameter was ϳ30 m. After mice performed 40 -50 successful trials of the lever pull, the solution was then injected at 1.5 psi for 1 min. After each injection, the pipette was removed from the cortex and pressure was reapplied to confirm that the pipette tip was not clogged. The number of successful trials was counted and compared before and after the injections. The injected volume was estimated to be ϳ60 l by determining the reductions in the volume of solution in the pipette after repeated injections. This amount was similar to that used in other studies (70 l used by Komiyama et al., 2010; 50 l used by Harvey et al., 2012) . Licking ability was not inhibited because mice given muscimol could lick a water drop that was manually administered to their mouths. Muscimol injection into both hemispheres may be necessary for complete inhibition (Komiyama et al., 2010) .
Calcium dye loading and two-photon imaging. On the day they were imaged, mice were subjected to a second surgery under isoflurane anesthesia. An ϳ2-mm-diameter circular craniotomy was made over the RFA (circle centered at ϳ1 mm lateral and ϳ2.5 mm rostral to bregma) or the CFA (circle centered at ϳ1.2 mm lateral and ϳ0.5 mm rostral to bregma), and the dura mater was removed. A total of 10 mM Oregon Green 488 BAPTA-1 AM (OGB-1 AM; Invitrogen) was dissolved in dimethyl sulfoxide mixed with 20% (v/v) Pluronic F-127 (Invitrogen) and then diluted tenfold in a solution containing (in mM) 125 NaCl, 5 KCl, 1 MgCl 2 , 5 HEPES, and 0.05 Alexa Fluor 594, pH 7.4. A glass pipette with a 12-15 m tip diameter was filled with the diluted solution and inserted into layer 2/3 of the cortex. OGB-1 AM was then injected at 0.5-2 psi over ϳ3 min. The area stained by the dye was visualized using a two-photon laser-scanning system (FV1000-MPE) coupled with a mode-locked Ti: sapphire laser (MaiTai HP; Spectra Physics) at a wavelength of 830 nm. After the injection, 4% (w/v) high-concentration agarose L (Nippon Gene) was placed over the craniotomy, a 4.5-mm-diameter glass coverslip (Matsunami Glass) was pressed onto the agarose surface, and the edges were sealed with dental cement. This treatment was crucial for preventing axial ( Z)-motion of the imaging plane during task performance. Mice were then returned to their cages.
After waking from the isoflurane anesthesia, mice were headrestrained under the microscope. During performance of the lever-pull task, two-photon images were acquired with a FV1000-MPE system with either a 40ϫ (LUMPlanFl, NA of 0.8; Olympus) or a 25ϫ objective (XLPlan, NA of 1.05; Olympus). The laser intensity used was 2-40 mW. The imaged fields were 209.0 Ϯ 29.9 m (mean Ϯ SD) ϫ 102.5 Ϯ 7.8 m at depths below the cortical surface of 204.3 Ϯ 8.9 m (mean Ϯ SD) in the RFA (n ϭ 40 fields of 11 mice), and 209.8 Ϯ 35.6 m (mean Ϯ SD) ϫ 107.7 Ϯ 11.8 m at depths of 218.5 Ϯ 9.4 m in the CFA (n ϭ 28 fields of 10 mice). The pixel size was 0.62 Ϯ 0.0 m (mean Ϯ SD) in the RFA and 0.69 Ϯ 0.1 m in the CFA. Continuous 1000-frame imaging was repeated in each field for 10 -30 min. The frame duration was 311 Ϯ 27 ms (mean Ϯ SD, 250 -349 ms) in the RFA and 316 Ϯ 21 ms (263-354 ms) in the CFA. The image data, lever positional signal, and solenoid signal were all simultaneously recorded by the FV1000-MPE system.
Cell-attached recording. Head-restrained mice were subjected to surgery and experiments under deep urethane anesthesia (1.6 g/kg, i.p.) with their rectal temperature maintained at 37°C. One to 3 h after OGB-1 AM injection, glass microelectrodes (open-tip resistance, 2-3 M⍀) with an extracellular solution consisting of (in mM) 140 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 HEPES, and 0.05 Alexa Fluor 594, pH of 7.4, were attached to OGB-1-loaded cells that were detected by simultaneous two-photon imaging. The electrical signal in a loose-patch configuration was detected with an amplifier (AxoPatch B700; Molecular Devices), bandpass filtered at 0.5-1.5 kHz, sampled at 10 kHz, and recorded by a program written with LabVIEW. The field including the attached cell was simultaneously imaged at a frame duration of 306 Ϯ 13 ms (mean Ϯ SD, n ϭ 6 fields from two mice).
Processing of imaging data and definition of task-related cells. Analyses were performed using an ImageJ plug-in (1.37v; NIH) and scripts that were written in MATLAB (version 7; MathWorks). Movies were corrected for focal plane displacements (X, Y, and rotation-angle shifts) using TurboReg (Thévenaz et al., 1998) . However, this procedure was not always sufficient to compensate for within-frame distortions, so a line-by-line registration method that was modified from a Hidden Markov Model (HMM) algorithm (Dombeck et al., 2007) was also applied to correct X and Y shifts. The SDs of X and Y shifts between the raw image frames and the motion-corrected image frames during the imaging sessions were 1.34 Ϯ 0.70 m (mean Ϯ SD, n ϭ 68 imaged fields), and 0.95 Ϯ 0.41 m, respectively. The SDs of X and Y shifts during periods that started 2 s after the end of lever pulls and finished 2 s before the start of the next lever pulls ("wait periods") during the imaging sessions were 0.70 Ϯ 0.35 m and 0.50 Ϯ 0.17 m, respectively. Furthermore, the SDs of the periods that started 1.5 s before and ended 2 s after the start of each successful lever-pull trial ("task-related periods") were 1.50 Ϯ 0.87 m and 1.0 Ϯ 0.39 m, respectively. The SDs of the rotationangle shifts were 0.11 Ϯ 0.04°during wait periods and 0.20 Ϯ 0.08°d uring task-related periods. Thus, although motion displacements were larger in task-related periods than wait periods, the SDs were comparable to the displacements of ϳ2 m that were observed while mice ran on tracking balls as described by Dombeck et al. (2007) . Although Z motions are generally less than lateral motions during the awake state (Dombeck et al., 2007; Greenberg and Kerr, 2009) , slow Z drifts during the imaging session were corrected by examining every 1000 frames of the imaged field for Z shifts by visual inspection. If any shifts were detected, then the imaging planes were manually corrected to fit the reference imaged frames that were acquired before the imaging sessions. The next 1000 frames were then acquired in the same field. The maximum Z-motion correction in this study was ϳ2 m.
The outlines of the cell-based region of interest (ROI) were determined using a semiautomated algorithm based on maximization of correlation coefficients among intensities of nearby pixels over time, along with cell sizes and shapes, and were confirmed by visual inspection. Backgrounds from unstained blood vessels were subtracted from the averaged signals across all pixels included in each ROI. To remove slow time scale changes in the fluorescence time series (Dombeck et al., 2007) , the eighth percentile value of each 30 s segment into which all movies were split was assigned as the center time point of each segment. The corresponding values at the flanking center time points were then smoothly interpolated at every time point between them, and the interpolated value was subtracted at every time point.
The skewness of the distribution, which corresponds to the central third-order moment normalized to the cube of the SD, was used to characterize statistical sparseness and search for statistical signatures of individual cells (Mukamel et al., 2009) . ROIs that demonstrated skewness of Ͼ0.3 were selected. Following this selection, eight ROIs with clear negative transients and 16 ROIs with gradually (a few seconds) increasing and decreasing transients were excluded from all 68 imaged fields after visual inspection. The remaining cells (1333 cells in RFA and 1028 cells in CFA) were defined as reconstructed cells. When the values of calcium transients in individual imaged frames, which were deconvoluted with a decay time constant of 1 s, exceeded a threshold (their median plus their median absolute deviation ϫ 1.426 ϫ 3), the values were defined as inferred events. Otherwise the inferred events were zero. When spikes between two flanking imaging time points were measured with cellattached recordings and the inferred event at the latter imaging time point was not zero, then the spikes were considered as detected. When the relative fluorescence changes (⌬F/F ) were analyzed, signals between imaging frames were linearly interpolated every 50 ms from ⌬F/F of the two flanking images. The scan timings related to the Y position of the cells were taken into account in this interpolation procedure and the lever positions and reward timings were downsampled to 50 ms time bins.
Among these reconstructed cells, an individual cell was defined as task-related when ⌬F/F during all task-related periods was significantly larger ( p Ͻ 0.05 in Wilcoxon rank sum test) than ⌬F/F during all wait periods. Of the reconstructed cells, 966 and 677 were classified as taskrelated in the RFA and CFA, respectively (Table 1) . For each task-related cell, ⌬F/F was then aligned to either the start or end time of all successful lever movements at time 0, and then averaged over all successful trials and defined as F start and F end , respectively. Cells with F start at peak times of Ͼ0 s were collected. To estimate the peak amplitude of F end at time Ͼ0 s without the decay component of F end at time Յ0 s (during the lever-pull period), F end at time Ͼ0 s was subtracted by the value of F end at time 0 multiplied by the exponential decay at each time point (F end (t) Ϫ F end (0)e Ϫt /1 ). Cells were classified as pull cells when the maximum F end value at time Յ0 s (max tՅ0 F end (t) was larger than max tϾ0 F end (t) Ϫ F end (0)e Ϫt /1 )) (see Fig. 5 ). The remaining cells were considered post-pull cells. Task-related cells that did not belong to these two types were defined as other task-related cells (12 cells in RFA and two cells in CFA). Lever return-related cells were defined as cells whose activity after the end of the lever pull in the error trials was significantly larger than that before the end of the lever pull ( p Ͻ 0.05; Wilcoxon signed-rank test). Finally, licking-related cells were defined as cells whose activity in the wait period during licking (and without forelimb or body movements) was significantly larger than the wait period without licking ( p Ͻ 0.05; Wilcoxon rank sum test).
Estimation of functional clusters. To quantify the time course of the functional clustering, geometric energy E g in each imaged field was introduced,
where F i and F j are the normalized values (0 -1) of ⌬F/F of task-related cells i and j, respectively, and r ij is the distance between cells i and j. The denominator of J ij was used to normalize the distribution of the cellular distances across imaged fields. By restricting the range of F i from 0 to 1, E g ranged from Ϫ1 to 0. ⌬E g was defined as E g Ϫ Ê g , where Ê g ϭ Ϫ ͳF i F j ʹ, and ͳʹ denoted the mean across cell pairs. Thus, ⌬E g ranged from Ϫ1 to 1. ⌬E g was calculated over the imaging sessions in each imaged field. To determine whether ⌬E g was statistically negative during a task-related period, it was compared with shuffling data. First, ⌬E g was aligned to the start of each successful trial and averaged over all successful trials. Then, to simulate shuffling, the location of each cell was randomly reassigned to one of the reconstructed cells in the same imaged field. Next, ⌬E g was again calculated over the imaging sessions and averaged over all successful trials. This procedure was repeated 1000 times, and 1000 ⌬E g values were obtained from the shuffling data. Finally, the value of the actual ⌬E g was ranked relative to the 1000 values from the shuffling data at each time point. When the actual ⌬E g was below the lowest 50th value of the shuffling data, it was considered significantly negative. When spike ⌬E g values were calculated, F i was the normalized value (0 -1) of the filtered inferred event of task-related cell i, and the value of the inferred event in each imaging frame was Gaussian-filtered (SD of 200 ms) to interpolate the values between flanking imaging frames with a time bin of 50 ms.
The maximum number of pull cells, without other reconstructed cells, within a circular area in every imaged field was determined in a series of steps. First, the center of a circle was determined in the imaged field. Then, its diameter was elongated so that all cells included within the circle were pull cells. Then, the center position was systematically changed and the maximum number of pull cells in each circle was estimated. Circles with more than four pull cells were defined as clusters. The cluster with the maximum number of pull cells in each imaged field was defined as a primary cluster. Pull cells within the primary cluster were defined as primary-clustered cells. Pull cells that were not included in any clusters were defined as nonclustered cells. Pull cells that were neither primary-clustered cells nor nonclustered cells were defined as other clustered cells. The percentages were calculated from all data pooled across RFA, CFA, and both imaged fields. Parentheses indicate the percentage over total data across corresponding imaged fields.
Prediction of lever movement trajectory. The ensemble activity was fitted to a one-dimensional lever trajectory by applying a linear model (Wessberg et al., 2000) . In this model, the lever trajectory L(t) is
where b is the L-intercept in the regression, a(u) is the set of weights required for the fitting as a function of imaged frame time lag u, X(t) is the matrix consisting of the inferred event of each cell at each imaged frame, and (t) is the residual error. The inferred events, and not ⌬F/F, were used as the values for X(t) so that the effects of the decay component of ⌬F/F did not contaminate the results. However, even when ⌬F/F values were used for X(t), the conclusions were the same (data not shown). To estimate whether ensemble activity was relevant to the immediately subsequent and coincident movement, four frames imaged ϳ1 s before each lever position were used for the fitting. Time bin was the duration of each imaged frame. The calculation was performed using the MATLAB statistics toolbox. The activities of ensembles and single cells of the primary-clustered and nonclustered cells were compared. Cross validation was used to estimate the prediction accuracy of the lever trajectory by dividing each imaging session into five segments (Hastie et al., 2009) . Four segments were used as a training set to construct the linear model, and the lever trajectory was then predicted by this constructed model in the remaining segment. The prediction was performed for each segment, and the correlation coefficient (c) between the overall predicted trajectory and the real trajectory was calculated. The relationship between c and cell number in each imaged field was estimated by neuron-dropping analysis (Wessberg et al., 2000) . The neuron-dropping analysis was performed by calculating c from remaining neural ensemble activity when a single cell was randomly removed from an imaged field. This single cell removal and subsequent prediction was then repeated until only one cell remained in the imaged field. This procedure was repeated 100 times for each ensemble, and the values for every number of observed cells were averaged. The mean values determined for smaller numbers of primaryclustered cells and nonclustered cells were compared. The dots indicate the sites where ICMS induced contralateral forelimb movement (black), whisker movement (magenta), or no movement (cyan). The current amplitudes were Ͻ200 A and Ͼ200 A at the large and small dots, respectively. The green star indicates the bregma. B, RFA, CFA, SFA, and the imaged fields. Overlaid red and blue contours show the RFA and CFA, respectively, as revealed by OSM (n ϭ 4 mice). Two maps acquired in the right hemisphere are mirror-reversed. Orange contours show SFA as determined by flavoprotein imaging (n ϭ 3 mice). The contour lines at 50% of the maximal response to 1 s vibration of the contralateral forelimb are overlaid. Circles indicate the centers of the two-photon calcium imaged fields during the task. Three closed circles show the centers of the imaged fields that were confirmed to be the RFA or CFA by OSM after the imaging experiment. C, Effects of muscimol injection into the left hemisphere of the RFA (red), CFA (blue), or somatosensory barrel cortex (green) on lever-pull task performance. Muscimol was injected into each indicated area in three animals. The number of successful lever pulls in the 5 min after the injection was normalized to the number of successful pulls in the 5 min before the injection. Cross-correlations between task-related activities. Trial-to-trial cross-correlations (tCCs) between pairs of task-related cells were calculated as Pearson's correlation coefficients between two vectors comprising the mean ⌬F/F of the pairs of cells during the task-related period of each successful trial. All tCC values were pooled across chosen fields and displayed as groups according to cell type and distance.
Statistics. Data are presented as the mean Ϯ SD unless otherwise stated. Error bars on graphs correspond to the SEM. The Wilcoxon signed-rank test, Wilcoxon rank sum test, Pearson's correlation, and Spearman's rank correlation test were used for statistical comparisons. For multiple comparisons shown below in Figure 8 , A and F, p values were multiplied by the number of simultaneously tested sets.
Results
Development of a self-initiated, headrestrained, lever-pull task for mice To carry out two-photon calcium imaging while mice performed a self-initiated movement, we developed a head-restrained lever-pull task (Fig. 1 A, B) . Mice used their right forelimbs to pull the lever for a given amount of time (T set ) and were subsequently rewarded with a drop of water from a spout near their mouth. Simultaneously with the reward at the cessation of the lever pull, a magnet-controlled solenoid pole quickly pushed the lever back to the wait position. The mice then had to wait 3 s before they could receive another reward for a lever pull. During the training sessions, the task difficulty was increased by gradually increasing the T set (100 -1000 ms; see details in Materials and Methods), and mice were able to either increase or maintain the number of successful trials (Fig. 1C,D) . Furthermore, the interval time between successful trials decreased (Fig. 1E) , indicating that mice successfully learned how to pull the lever during T set and also understood that they had to wait Ͼ3 s to pull the lever again and obtain another reward. After 8 -9 training sessions, the mice executed this task under a microscope while two-photon imaging was simultaneously performed. During the imaging sessions, mice succeeded in 152 Ϯ 20 trials (n ϭ 21 mice) with a T set of 622 Ϯ 41 ms. The number of error trials after Ͼ3 s of waiting was 136 Ϯ 93 (n ϭ 21 mice), and the number of error trials after Ͻ 3 s of waiting was 56.0 Ϯ 29.8. An EMG of the right forelimb after nine training sessions revealed that the onset of muscle activity occurred ϳ100 ms before the start of the lever pull, and muscle activity ceased ϳ400 ms after the end of the lever pull ( Fig. 1F-H ) .
Identification of RFA and CFA
We used ChR2 mice to determine the forelimb motor areas over the broad neocortical surface by OSM using blue-laser scanning of the cortical surface (Ayling et al., 2009; Hira et al., 2009 ). Laser illumination induced forelimb movements in two distinct areas (Fig. 2 A, B) . These motor forelimb areas that we determined by OSM corresponded to the areas that we determined by ICMS ( Fig. 2A) . These areas are known as RFA (the more rostral area) and CFA (the more caudal area), and have previously been identified by ICMS in the rat and mouse cortex (Neafsey et al., 1986; Tennant et al., 2011) . The RFA location that we determined was similar, but slightly anterior, to the RFA location reported by Tennant et al. (2011) . We found that RFA and CFA were necessary for lever pulling because muscimol injection into the left RFA or CFA inhibited lever pulling, whereas muscimol injection into the left barrel cortex did not (n ϭ 3 mice for each injection; Fig. 2C ). Licking and left forelimb movements did not appear to be inhibited by any of these injections.
Two-photon calcium imaging of motor cortex cells during task performance
Simultaneous two-photon imaging and cell-attached recording in layer 2/3 of the left CFA in anesthetized mice showed that both single and multiple action potentials (APs) induced robust relative fluorescence changes (⌬F/F ) with peak amplitudes that cor- related to the number of APs (Fig. 3A-C) . The mean peak amplitude and mean decay time of single AP-evoked calcium transients were 11.1 Ϯ 1.9% and 1.0 Ϯ 0.2 s (n ϭ 6 cells from two mice), respectively. These values were consistent with previous results (Kerr et al., 2005; Hofer et al., 2011) . After deconvolution of calcium transients, 94 Ϯ 8% of the firings with Ն3 APs that occurred between two-flanking imaging time points (burst firings) could be detected as inferred events (Fig. 3D) . The falsepositive rate was 10.6 Ϯ 3.7% (n ϭ 6 cells).
Next, we performed two-photon calcium imaging in layer 2/3 of the left RFA (40 fields of 11 mice) or CFA (28 fields of 10 mice) while mice executed the task (Figs. 2B, 4A ). The numbers of successful and error trials were 55.1 Ϯ 23.9 and 68.5 Ϯ 28.0 per imaged field in the RFA, respectively, and 48.6 Ϯ 22.3 and 48.9 Ϯ 26.5 per imaged field in the CFA respectively. Most of the fields that we imaged did not overlap with the SFA that was previously determined with flavoprotein fluorescence imaging (Tohmi et al., 2009) (Fig. 2B) . Three imaged fields were subsequently verified as the motor forelimb areas by OSM (Fig. 2B) . To correct for motion displacement (lateral shifts and rotation-angle shifts) when we reconstructed spatially undistorted images and fluorescent traces, TurboReg, and a line-by-line algorithm based on the HMM (Dombeck et al., 2007) were applied (Fig. 4 B, C) . The maximum lever movement-related lateral displacement corrected by these procedures was ϳ5 m along x-axis, which was comparable to the maximum lateral displacement of ϳ3-5 m described by Dombeck et al. (2007) during running behaviors. The SDs of X, Y, and rotationangle shifts during periods starting 1.5 s before and ending 2 s after the start of each successful trial (task-related periods) were 1.50 Ϯ 0.87 m, 1.0 Ϯ 0.39 m, and 0.20 Ϯ 0.08°(n ϭ 68 fields), respectively. The motion corrections were clearly effective for removal of motion artifacts. For example, the motion-corrected fluorescent trace of cell 9 in Figure 4A was stable without any apparent distortion during the lever-pull movement (Fig.  4 B, C) . Thus, we concluded that motioncorrected calcium transients in the awake state reflected spiking activity, and particularly the bursting firing of individual cells, even though the upper limit of signal detection of the firing was the value determined in the anesthetized state as described above.
Classification and characteristics of pull cells and post-pull cells
From the motion-corrected image sequences, we detected 33.3 Ϯ 14.0 (12-74) and 36.7 Ϯ 13.0 (8 -67) reconstructed cells per imaged field in the RFA and CFA, respectively. We defined cells that exhibited significantly large calcium transients during the task-related periods as taskrelated cells (966 cells in RFA and 677 cells in CFA; see Materials and Methods; cells 1-7 in Fig. 4 , and Table 1 ). There were two groups of task-related cells whose mean peak ⌬F/F values occurred both before and after the end of the lever pulls (Figs. 4C, 5A ). To categorize these cells, we subtracted the decay components of ⌬F/F at the end of the lever pulls from the ⌬F/F values obtained after the end of the lever pull. We then further classified task-related cells into the cells with larger peak ⌬F/F values during lever pulls ("pull cells") and the cells with the larger peak ⌬F/F values after the end of lever pulls ("post-pull cells") (Figs. 4C, 5 B, C; see details in Materials and Methods). The percentage of post-pull cells with compensated peaks from 0 to 0.3 s after the lever pull was very small (Fig. 5C ). This was because 89% of cells that had a peak from 0 to 0.3 s in Figure 5A displayed the activity at time 0 with Ͼ60% of the peak amplitude. Therefore, these cells were actually classified as pull cells (60% Ͼ 100 Ϫ 60% ϫ e Ϫ0.3 s/1 s ). Even when 5-20 successful trials in each field were randomly removed from the averaged activities, Ͼ80% of all task-related cells were classified as the same cell types as when all successful trials were averaged (Fig. 5D) . Thus, the timing of the peak activity of each cell was stable over multiple successful trials. Pull cells comprised approximately half of the reconstructed cells in both the RFA and CFA (51% and 46%, respectively, Table 1 ). As the characteristics of task-related cells were similar in RFA and CFA, data from RFA and CFA were pooled in the following analyses. A total of 44% of pull cells (509 of 1154 in The cyan peak amplitude before the end of the lever pull (max tՅ0 F end (t)) was compared with the peak amplitude after the end of the lever pull, subtracted by the orange exponential decay component of the amplitude at the end of the lever pull (max tϾ0 (F end (t) Ϫ F end (0)e Ϫt /1 ) (magenta). This comparison allowed the determination of whether the cells were pull or post-pull cells. The middle example was defined as a pull cell because the cyan amplitude was larger than the magenta one, even though the peak timing was after the end of the lever pull. C, A histogram showing the timing of the mean peak activities of 1154 pull cells (cyan) and 475 post-pull cells (magenta) after the decay component of ⌬F/F at the end of the lever pull was subtracted. The inset is an expansion of the boxed region from time 0 to 1 s. D, The percentage of cells that were classified as the same cell types is plotted against the number of removed successful trials. The same number of trials was randomly removed from each field, the activity of each task-related cell was averaged across the remaining trials, and then the cells were classified. For each number, the trials were randomly removed 20 times. The mean percentages across 20 classifications are shown as dots. All SEM bars were within the dots.
68 imaged fields) exhibited mean activities during the lever-pull period that were significantly correlated with the durations of lever pulling (this includes both successful and error trials) (Fig.  6 A, B) . Activity of post-pull cells after successful trials might in part reflect passive lever-return movement that was mediated by the mechanical force. Consistent with this idea, post-pull cells tended to respond to passive sensory stimuli that were applied to the right forelimb more frequently than pull cells when examined across 24 fields in seven anesthetized mice after the task performance (Fig. 6C,D) . In fact, some post-pull cells did not exhibit calcium transients in error trials (Fig. 6E) , which might also reflect reward signals. However, other post-pull cells exhibited calcium transients in both successful and error trials (Fig. 6F ) . The proportion of lever return-related cells across all 68 fields, defined as cells that exhibited significant activity after the end of the lever pull in error trials (when no mechanical force was provided), was larger in post-pull cells than pull cells (Fig. 6G) . In addition, 15% of post-pull cells (9 of 59 in 12 fields of seven mice and when the infrared CCD camera clearly detected licking) exhibited significant activity during licking when there were no forelimb or body movements (Fig. 6H ) . Thus, the majority of pull cells increased their activity as the lever-pull duration increased, while post-pull cells were a collection of cells that displayed diverse activities in response to active and passive leverreturn movements, licking, sensory feedback signals, and reward signals.
Functional clustering during the lever pull
We next examined whether functional clustering occurred during the task performance. To quantify the time course of functional clustering, we introduced "geometric energy" at each time point, E g , as an analogy of the energy function of a Hopfield network (Hopfield, 1982) and gravitational potential:
where F i and F j were normalized ⌬F/F (from 0 to 1) of taskrelated cells i and j, respectively, and r ij was their cellular distance in each imaged field. In this function, geometric weight, J ij , was the inverse of the cellular distance so that the contribution of pairs of neighboring cells with high activity that were in the same time window was large. The energy of the activity of pairs without the geometric interaction Ê g , Ϫ ͳF i F j ʹ, was also defined. ⌬E g , E g Ϫ Ê g , represented the contribution of activity of clustered cells to the population activity. ⌬E g should be approximately zero when task-related cells are randomly distributed, and should also be negative when task-related cells are clustered (Fig. 7A) . Using this equation, we calculated ⌬E g over the imaging session (Fig. 7B) . In the field shown in Figure 4A , ⌬E g decreased during the task performance when the lever was being pulled (Fig. 7B) . The mean ⌬E g across successful trials decreased at the start of the lever pull and was significantly negative during the lever-pull period when compared with the 50th lowest value (this is equivalent to a onesided p-value of Ͻ0.05) of ⌬E g from 1000-time shuffled data in which the location of each cell was randomly assigned in this field (Fig. 7C) . Then, after the end of the lever pull, the mean ⌬E g returned to statistically non-negative values. This return to nonnegative values was more rapid than that seen with the normalized population activity (Fig. 7C) . Twenty-five (37%) fields had at least one 50 ms time bin during the lever pull where ⌬E g was more negative than the 50th lowest value from the 1000-time shuffled data (Fig. 7 D, E) . This rapid return of ⌬E g to baseline following the end of the lever pull was clearer when the inferred event, and not ⌬F/F, was used to calculate ⌬E g (spike ⌬E g ) (Fig. 7F ). This may be because the decay components of the calcium transients were removed. Thus, the functional clustering was temporally related to the lever-pull movement.
Fine-scale functional cluster of pull cells
The results from the geometric energy analyses suggest that neighboring pull cells tended to simultaneously increase their activity in individual trials. To further investigate this possibility, we defined a correlation of mean activities during the task-related period between pairs of taskrelated cells as a tCC. A high tCC value would, at least in part, reflect a high probability of synaptic connections . Furthermore, spatial dependencies of pairwise correlations are frequently observed in the cortex (Kerr et al., 2007; Dombeck et al., 2009; Komiyama et al., 2010; Rothschild et al., 2010; Hofer et al., 2011; Kampa et al., 2011) . tCC decreased as cellular distance increased in both pairs of pull cells and pairs of post-pull cells pooled across 48 fields that included both Ն3 pull cells and Ն3 post-pull cells (11,536 pairs of pull cells: Pearson's correlation coefficient of Ϫ0.17, p Ͻ 10 Ϫ15 ; Spearman's rank correlation coefficient test; 2151 pairs of post-pull cells: Pearson's correlation coefficient of Ϫ0.12, p Ͻ 10 Ϫ8 ; Spearman's rank correlation coefficient test). tCC, when measured at the same cellular distance of Ͻ175 m, was higher in pairs of pull cells than pairs of post-pull cells ( p Ͻ 0.0001 at Ͻ100 m and p Ͻ 0.05 at 100 -175 m; Wilcoxon rank sum test) (Fig. 8A) . This result was consistent with the time course of ⌬E g .
Next, we examined whether cell pairs included in a fine-scale (Ͻ100 m) spatial cluster of a multiple number of pull cells had higher tCC values than cell pairs outside the cluster. This would be expected because cells within a cluster would have stronger synaptic relationships than isolated pairs of cells (Song et al., 2005; Yoshimura et al., 2005) . We counted the number of pull cells within variously sized circular areas without other types of cells and defined circles with more than four pull cells as "clusters." Then, the cluster with the maximum number of pull cells in each imaged field was defined as the "primary cluster" and the cells inside the primary cluster were defined as "primaryclustered cells." Pull cells that were not included in any clusters were defined as "nonclustered cells." Pull cells that were neither primary-clustered cells nor non- If task-related cells are randomly distributed (red circles), then E g is approximately equivalent to Ê g , which makes the value of ⌬E g approximately zero (left). If task-related cells are spatially clustered (red circles), then the mean distance between pairs is less than the mean distance between all pairs. In this case, E g is less than Ê g , and the value of ⌬E g is negative (right). B, Example traces of the lever trajectory, the mean F i over all task-related cells (normalized ⌬F/F ), and ⌬E g are aligned. The data were obtained from the fields shown in Figure 4A . Shaded boxes indicate successful lever pulls. C, The time courses of the mean normalized ⌬F/F across successful trials and the mean ⌬E g of task-related cells across successful trials. Dotted lines indicate the mean ⌬E g of the lowest fifth and 95th percentiles of ⌬E g from the shuffling data (in which the location of each cell was randomly assigned 1000 times). The red line indicates the time window when ⌬E g was less than the lowest fifth percentile of ⌬E g obtained from the shuffled data. The shaded box indicates the lever-pull duration averaged across successful trials. D, Pseudo-color plot of the lower one-sided p values of ⌬E g . The 66 fields that had Ն3 task-related cells were vertically arranged according to their mean p values at 250 ms after the start of the lever pull. The white line denotes the start of the lever pull. White diamonds denote the end of the lever pull. E, The percentage of the imaged fields that showed significantly negative ⌬E g values (with lower one-sided p-values of Ͻ0.05) at each time point. The top trace shows the mean normalized ⌬F/F averaged across the 66 fields (black line and green shading indicate mean Ϯ SEM). The shaded box indicates the mean lever-pull duration averaged across the 66 fields. F, The percentage of the imaged fields that showed significantly negative ⌬E g values (with lower one-sided p-values of Ͻ0.05) at each time point when using the inferred events instead of ⌬F/F for neuronal activities. The top trace shows the mean normalized inferred event averaged across the 66 fields (black line and green shading indicate mean Ϯ SEM).
clustered cells were defined as "other clustered cells." Thus, we classified pull cells into three distinct groups (Table 2 , Fig.  8B-D) . Thirty-six (53%) of the total 68 fields had primary clusters with 8.3 Ϯ 3.1 (5-16) cells. The diameters of the primary clusters were 67.8 Ϯ 16.2 m (Fig. 8E) . tCC declined as cellular distance increased in both pairs of primary-clustered cells and pairs of nonclustered cells pooled across 30 fields that included primary clusters and Ն3 nonclustered cells (1075 pairs of primary-clustered cells; Pearson's correlation coefficient of Ϫ0.10, p Ͻ 0.0001 by the Spearman's rank correlation coefficient test; 1680 pairs of nonclustered cells: Pearson's correlation coefficient of Ϫ0.14, p Ͻ 10 Ϫ15 by the Spearman's rank correlation coefficient test) (Fig. 8F , Table  2 ). As expected, tCC values between pairs of primary-clustered cells were significantly higher than pairs of nonclustered cells at a distance of Ͻ75 m ( Fig. 8F ; p ϭ 0.001 at 0 -25 m and p Ͻ 0.001 at 25-75 m; Wilcoxon rank sum test). This result indicates that pairs of primary-clustered cells had stronger synaptic relationships than pairs of nonclustered cells at the same proximal distance. Twenty (80%) of the 25 fields with significantly negative ⌬E g values during the lever pull had primary clusters. Thus, even though decreases in ⌬E g values did not necessarily indicate circular areas that only included pull cells, we considered primary-clustered cells to represent the components of fine-scale functional clusters.
Clustered activity carried accurate lever movement trajectory information
Because the activities of pull cells were well associated with lever-pull durations, we expected that pull cells might be important for processing of information about lever movement trajectory, and that the clustering of pull cells might be related to the amount of the information. Thus, we examined whether primary-clustered cells carried more accurate information regarding lever movement trajectory than nonclustered cells. To estimate the amount of information regarding lever movement, we applied a linear model (Wessberg et al., 2000) that used the combined activity of cells (see Materials and Methods). After linear model fitting of four-fifths of one-dimensional lever trajectory (training set), the remaining one-fifth lever trajectory (test set) was predicted (cross-validation method). In pull cells in Figure 8B , the prediction made from the ensemble activity of 15 primary-clustered cells was clearly more accurate than that of nine nonclustered cells in the same field (Fig. 9A) . However, the comparison should be carried out only after the removal of any effects due to differences in the number of cells. To this end, we used neurondropping analyses in which individual neurons were randomly removed one by one (Wessberg et al., 2000) . Linear model fittings and predictions made with the five-hold cross-validation methods were both repeatedly applied, and correlation coefficients (c) between the overall predicted trajectory and the real trajectory were calculated (see Materials and Methods). c from nine primary-clustered cells was larger than c from nine nonclustered cells in Figure 8B (dotted line in Fig. 9B ). Furthermore, c was significantly larger in primary-clustered cells than in nonclustered cells when the same number of cells (3-11 cells) were examined in each of the 30 imaged fields that included both a primary cluster and Ն3 nonclustered cells ( p ϭ 0.032; Wilcoxon signed-rank test) (Fig. 9C) . The mean c of single cells in each field was also significantly larger for primary-clustered cells than for nonclustered cells ( Fig. 9D ; p ϭ 0.020; Wilcoxon signed-rank test, n ϭ 30 fields). These differences were also detected when a nonparametric fitting algorithm based on a bootstrap aggregation (TreeBagger implemented in MATLAB, the tree number of 100 and the minimum leaf size of 5; Huber et al., 2012) , was used to predict the lever trajectory instead of the linear model fitting (data not shown). These results indicate that the amount of lever movement information carried within the primary cluster was larger than outside the cluster when compared at both ensemble and single-cell activity levels.
The high fidelity of activity in every trial was correlated with the amount of movement information The amount of lever movement information provided by cells might also be related to the fidelity for individual cells to be active in individual trials. We based this hypothesis on the idea that if a cell was active in every trial, it would then carry a large amount of lever trajectory information unless it was also frequently active during intertrial intervals. To determine this possibility, the ratio of successful trials that evoked a peak ⌬F/F in the task-related period that was greater than three SD of ⌬F/F over the entire imaging session was defined as active trial rate (ATR) for each cell. ATR was well correlated with the prediction correlation coefficient, c, of the lever trajectory for both primary-clustered cells and nonclustered cells that were pooled across the 30 imaged fields (251 (Fig. 10C) . Thus, higher tCC and ATR values in primary-clustered cells might reflect underlying network properties that endow these cells with larger amounts of lever trajectory information than nonclustered cells.
By contrast, tCC values were not correlated with geometric mean ATR values in pairs of post-pull cells that were pooled across 48 fields that included both Ն3 pull cells and Ն3 post-pull cells (11,536 pairs of pull cells: Pearson's correlation coefficient of 0.33, p Ͻ 10 Ϫ7 by the Spearman's rank correlation coefficient test; 1680 pairs of post-pull cells, Pearson's correlation coefficient of 0.002, p ϭ 0.27 by the Spearman's rank correlation coefficient test) (Fig. 10D) . These data indicate that the relationship between tCC and ATR was dependent on the functional cell type.
Discussion
In this study, to reveal if, when, and how, fine-scale (Ͻ100 m scale) functional clusters form and disappear during a voluntary forelimb movement, we developed a novel self-initiated leverpull task for head-restrained mice and performed two-photon calcium imaging of two mouse forelimb areas, the RFA and CFA. We found these areas in an unbiased fashion using OSM, and they were the same areas that had been identified by ICMS (Neafsey et al., 1986; Tennant et al., 2011) . We detected the formation of functional clustering during lever pulls in ϳ40% fields, and clusters of more than four pull cells in ϳ50% fields. The lever trajectory was better predicted by the ensemble activity of primary-clustered cells than by that of nonclustered cells. Our results suggest a novel model of microcircuit activity dynamics , 1997; Gao et al., 2003) . By contrast, the lever-pull movement in this study required the maintenance of grasping, pulling, and holding, which are all forelimb movements, during a certain period of time (Iwaniuk and Whishaw, 2000; Isomura et al., 2009; Kimura et al., 2012) . In addition, the imaged fields were the motor forelimb areas. Thus, this is the first study to report the spatial distribution of cortical activities related to a well learned forelimb movement in the corresponding motor areas. Although nearby units often respond together or have the same preference for a stimulus or movement, this was not always the case in our study. Even within a local area (Ͻ100 m scale), where the connection probability between neighboring cells is relatively high (ϳ0.1-0.2, Holmgren et al., 2003; Song et al., 2005) , there are probably multiple subnetworks (Yoshimura et al., 2005; . In fact, we found that there were several specific types of cells in an imaged field of ϳ200 m ϫ ϳ100 m size. Fine-scale (ϳ70 m) clusters that consist of more than four pull cells might represent only one of several strong subnetworks in a local area. In the primate, minicolumnar (ϳ30 m width) structures that have the same preference for the movement direction have been proposed in the motor cortex (Georgopoulos et al., 2007) . Therefore, the three-dimensional distribution of the fine-scale clusters and whether the fine-scale clusters are part of a columnar structure should all be further investigated by twophoton imaging in a broader three-dimensional area (Kampa et al., 2011) .
Spatiotemporal dynamics of clustering of microcircuit activity during voluntary movement
We introduced the geometric energy function to demonstrate that cluster formations were significantly prominent during the lever-pulling periods in 37% of the imaged fields. Previous publications that examined the fine-scale distributions of taskrelated cells or sensory stimulus-responding cells did not examine the time courses of cluster dynamics during individual movements or sensory representations. The contribution of the geometric energy to the population activity, ⌬E g , will also be a powerful parameter for estimating the temporal structure of functional clustered activities in three-dimensional distributions.
The functional cluster was not apparent before the start of the lever pull. However, in the primate motor cortex, preferred directions of reaching tend to be similar in nearby units during both preparation and movement periods (Stark et al., 2008) . In that study, the preparation period started with the target presentations, and the activities in the preparation period were strongly related to the accurate movements that followed. Therefore, finescale clustering of relevant neurons might occur during preparation periods. Thus, in future studies, it will be important to investigate instructed-delay periods before movements to better understand which fine-scale distribution of neuronal activity represents movement preparation.
After the end of the lever pull, the functional clusters disappeared more rapidly than the population activities. The activities of the post-pull cells were related to the lever-return movement and licking, which did not require accuracy to receive the reward. Thus, the behavior after the end of the lever pull had more degrees of freedom (Todorov and Jordan, 2002) than the behavior before the end of the lever pull. Fine-scale functional clusters might only occur in periods that require accurate movements.
Potential mechanisms to explain how neural ensembles of clustered cells carry a large amount of lever movement information
The amount of lever movement information was well correlated with the ATR, and ATR values of pull cells within the primary cluster were higher than that outside the cluster. Furthermore, geometric mean ATR values were well correlated with tCCs, and tCC values were higher in primary-clustered cells than in nonclustered cells. This was not simply due to the proximal cellular distance, but rather to clustering of a multiple number of cells. Higher probabilities of reciprocal connections and/or stronger common synaptic inputs might cause clustered cells to be both more active (i.e., higher ATR) and more frequently covary in their activity (i.e., higher tCC) than nonclustered cells (Song et al., 2005; Yoshimura et al., 2005; . If clustered cells in layer 2/3 tend to innervate common neurons in layer 5, then they may play a significant role in activating the layer 5 neurons that control the robust muscle activities necessary for lever pulling (Narayanan et al., 2005) . Multiple whole-cell recordings may reveal what synaptic connections are related to high tCC, high ATR, and high tCC-ATR correlations among clustered cells (de la Rocha et al., 2007; .
In contrast to pull cells, post-pull cells did not demonstrate positive tCC-ATR correlations. When correlated inhibitory inputs are appropriately added, the positive tCC-ATR correlation should disappear (Renart et al., 2010) . Inhibitory neuron activity is frequently detected in the motor cortex after the start of movements (Isomura et al., 2009; Kaufman et al., 2010) . Introducing fluorescent proteins or optogenetic proteins expressed under specific promoters (Sohya et al., 2007; Fenno et al., 2011) should reveal whether the tCC-ATR correlation can be affected by activation of inhibitory neurons.
Motor learning increases the information about the movement that is encoded by neural ensemble activity in the motor cortex (Laubach et al., 2000; Paz and Vaadia, 2004) . In the tadpole optic tectum, repeating visual stimuli induces clustering of cells with preferred-stimuli sensitivity (Podgorski et al., 2012) . Thus, one possibility is that motor cortical cells that are related to the execution of a voluntary movement form a functional cluster during training. The firing of multiple nearby cells would enhance the firing of a given cell through recurrent connections so that long-term potentiation (LTP) of synaptic connections from long-range and/or local recurrent inputs may occur. This may result in an increase in the fidelity of the activity within the cluster. If LTP occurs among nearby cells and results in high activity, ⌬E g will be lower during the training session because the geometric weight, J ij , is inversely proportional to the cellular distance. Long-term imaging of neural ensemble activity with genetically encoded calcium-sensitive proteins ) could demonstrate when and how the cluster forms to carry more information during the learning process (Laubach et al., 2000) .
Microcircuit activity dynamics with cluster formation and disruption
In summary, we propose that the spatial distribution of neuronal activities during task performance reflects the local circuit dynamics. As task-related neural ensembles evolve, the state space is constrained by strong, recurrent, and clustered excitatory networks. This results in the generation of an attractor-like state (Denève et al., 2007) , which has low ⌬E g and accurately represents the well learned motor execution. Once the movement achieves its goal, functional clustering is rapidly disrupted. These temporal dynamics of local cortical activities with functional clustering may constitute a fundamental process for motor coordination. In this study we used mice, which allow for two-photon imaging to be combined with many other techniques that are more challenging in primates. Thus, the usage of head-restrained mice for forelimb movement tasks holds great promise for furthering the understanding of local cortical mechanisms that underlies the formation and representation of motor control.
